INTRODUCTION
Dried distillers grains with solubles (DDGS) have been used in beef, dairy, and swine diets (Thong et al., 1978; Schingoethe et al., 2009; Uwituze et al., 2011) . A disadvantage to using DDGS in animal diets, particularly in ruminants, is the high sulfur content from the sulfuric acid used to clean pipes in corn ethanol plants. High dietary concentrations of sulfur in DDGS can cause a toxic increase in ruminal H 2 S production and dietary-induced polioencephalomalacia in cattle (Gould et al., 1991 (Gould et al., , 1997 . The NRC recommends for beef cattle (NRC, 2000) and dairy cattle (NRC, 2001 ) that the maximum tolerable limit aBSTRaCT. Dried distillers grains with solubles (DDGS) have been used in production animal diets; however, overuse of DDGS can cause toxic concentrations of ruminal hydrogen sulfide gas (H 2 S), resulting in polioencephalomalacia, a deleterious brain disease. Because H 2 S gas requires an acidic rumen environment and diet can influence ruminal pH, it has been postulated that dietary manipulation could help mitigate H 2 S production. The objective of this study was to assess the effect of dietary roughage and sulfur concentrations on H 2 S production and rumen fermentation. In Exp. 1, 7 dual-flow continuous culture fermenters were used in 4 consecutive 9-d periods consisting of 6 d of adaptation followed by 3 d of sampling. At the conclusion of each 9-d continuous culture period, adapted rumen fluid was used for inoculation of 24-h batch culture incubations for Exp. 2. For both experiments, 6 dietary treatments were formulated to consist of 0.3%, 0.4%, or 0.5% dietary sulfur (LS, MS, and HS, respectively) and 3% or 9% dietary roughage (LR and MR, respectively), using grass hay as the roughage source. A corn-based diet without DDGS was used as a control diet. Headspace gas was sampled to determine H 2 S production and concentration. In Exp. 1, greater dietary roughage had no effect (P = 0.14) on H 2 S production but did create a less acidic environment because of an increase (P < 0.01) in the in vitro pH. In Exp. 2, an increase in dietary sulfur caused an increase (P = 0.04) in ruminal H 2 S production, but there was no direct effect (P = 0.25) of dietary roughage on H 2 S production. Greater dietary roughage resulted in a less (P = 0.01) acidic final batch culture pH but a lower (P < 0.01) total VFA concentration. Further investigation is needed to determine a more effective way to mitigate ruminal H 2 S production using dietary manipulation, which could include greater inclusion of dietary roughage or the use of different roughage sources.
of sulfur in diets fed to cattle is 0.4% in non-highconcentrate diets and 0.3% in high-concentrate diets. Research has been conducted to develop methods for reducing ruminal hydrogen sulfide production (Kung et al., 1998 (Kung et al., , 2000 Quinn et al., 2009; Smith et al., 2010) . However, most of the research focused on using additives to decrease production of hydrogen sulfide (H 2 S) in the rumen (Kung et al., 1998 (Kung et al., , 2000 Smith et al., 2010 ). An alternative approach by Lewis (1954) suggested that pH can also have an impact on sulfate conversion to H 2 S gas.
Production of H 2 S gas requires an acidic environment with pH at 6.5 (Lewis, 1954) . However, lower pH (~5.5) has been implicated to be optimal for hydrogen gas production from glucose (Fang and Liu, 2002) . Increasing ruminal pH can create an unfavorable environment for H 2 gas production by lowering VFA production. Roughage sources, such as hay, contain lignin that is digested at a lower rate and extent compared with starch in concentrates. May et al. (2010) demonstrated that the indigestible fraction from lignin decreased VFA production and increased ruminal fluid pH. The objective of the current study was to evaluate dietary roughage and sulfur effects on H 2 S production and fermentation from diets with DDGS in continuous and batch culture incubations of ruminal fluid.
maTeRIalS aND meThODS
A ruminally cannulated mature cow (Montbeliarde × [Jersey × Holstein]) in early lactation served as the rumen fluid donor. Approval from the Institutional Animal Care and Use Committee from the University of Minnesota (IACUC protocol 1304-30557A) was obtained prior to commencement of this study. Experiments were conducted in accordance with the principles and specific guidelines used for Care and Use of Animals in Agriculture Research. The cow was provided with a diet formulated to meet or exceed the NRC requirements of a Holstein cow producing 40 kg milk/d, with 3.8% fat and 3.7% protein (NRC, 2001) . Diet ingredient composition for the donor cow was 32.7% corn silage; 19.8% ground corn; 16.1% alfalfa hay; 7.5% whole cottonseed; 3.7% each of soybean meal, soybean hulls, canola meal, heat-treated soybean meal, and mineral and vitamin supplement; 2.8% dried distillers grains; and 2.6% molasses on a DM basis. The present study was divided into 2 experiments. The first experiment was conducted utilizing dual-flow continuous culture fermenters, and the second experiment consisted of a short-term batch culture incubation.
Dietary Treatments
All dietary ingredients were ground though a 2-mm screen and analyzed by DairyOne (Ithaca, NY) using a wet chemistry package for DM (105°C for 3 h), CP (AOAC, 1984; method 990.03) , ADF (AOAC, 1984; method 973.18) , NDF (Van Soest et al., 1991) , and sulfur (MARS6, Thermo iCAP 6300 Inductively Coupled Plasma Radial Spectrometer, Thermo Fischer Scientific, Waltham, MA) content analysis (Table 1) . Ingredients were mixed and pelleted (CL-5, California Pellet Mill Co., Crawfordsville, IN) to a final size of 6 and 12 mm in diameter and length, respectively, to yield 7 dietary treatments formulated to be isonitrogenous at 17.5% CP for in vitro continuous culture fermentation (Exp. 1) and in vitro batch culture studies (Exp. 2). Pelleted diets were also analyzed by DairyOne as described above for dietary ingredients. The same dietary treatments were used in both experiments.
Experiment 1: Continuous Culture Operation
The continuous culture fermenter system was a modification of the system of Hoover et al. (1976) , as described by Hannah et al. (1986) . Seven dual-flow continuous culture fermenters were used in 4 consecutive periods. Each period consisted of 6 d of adaptation followed by 3 d of sample collection. Dietary treatments were assigned randomly to fermenter. Fermenters were provided with 75 g of dietary substrate DM that was administered over eight 1.5-h periods. An automated feeding device (Hannah et al., 1986) controlled by a timer (DT 17, Intermatic, Spring Grove, IL) was used to regulate feeding duration and schedule. Each 1.5-h feeding period was followed by 1.5 h of rest. Artificial saliva was prepared according to Weller and Pilgrim (1974) and infused continuously into fermenters and contained 0.4 g/L of urea to simulate nitrogen recycling. Saliva was constantly infused into fermenters to attain an 8.2%/h liquid dilution rate to simulate passage in beef cattle. Solid dilution rates were adjusted daily to 4.1%/h. Fermenter pH was maintained at a range between 5.0 to 7.0 via computer system by automatic addition of concentrated 3 N HCL or 5 N NaOH to correct pH. Culture pH was recorded every 5 min by an electronic data acquisition system (Daisy Lab, National Instrument Services, Austin, TX). Anaerobic conditions were maintained by continuous N 2 infusion, whereas fermenter temperature was maintained at 39°C.
Sample Collection
During sampling days, collection vessels were kept in a 1°C water bath to cease microbial action. Each sampling day at 1000 h, solids and liquid effluent were combined by a fermenter. Total effluent was homogenized (PT10/3S homogenizer, Kinematica GmbH, Bohemia, NY) for 2 min, and a subsample of 500 mL was taken, composited with the previous collection, and kept frozen at −20°C until analysis for total N, ammonia N (NH 3 -N), and VFA. A subsample (approximately 600 mL) of the 1,500 mL composited effluent from each fermenter was lyophilized and used for analysis of DM, OM, NDF, ADF, ash, and purines. A 3-mL subsample of headspace gas was taken at 1000 h on sampling days directly from each fermenter through a septum using a gas-tight syringe (Supelco, Bellefonte, PA) and transferred into a 10-mL Vacutainer tube (Tyco, Mansfield, PA) containing 5 mL of alkaline deionized water (pH = 8.5) to determine H 2 S concentration.
Chemical Analyses
The following chemical analyses were similar to that described by Ruiz-Moreno et al. (2015) . Dry matter content of diets, outflows, and microbial pellets was determined by drying in an oven at 105°C for 24 h. Ash was determined by weight difference after 24-h combustion at 550°C (AOAC, 1984; method 967.04) . At the end of each experimental period, contents from each fermenter were strained through 2 layers of cheesecloth and centrifuged at 1,000 × g at 4°C for 10 min to remove feed particles, and the supernatant was centrifuged at 20,000 × g at 4°C for 20 min to isolate bacterial cells. Bacterial pellets were resuspended in distilled water, frozen, and lyophilized. Purine concentrations were determined by the method of Zinn and Owens (1986) . Purine content of effluent and bacteria was used to partition flow of effluent N into microbial and dietary N. Total N in the effluent, bacteria, and diet was determined (AOAC, 1984; method 984.13 ). Ammonia N was determined by steam distillation (Bremner and Keeney, 1965) using a 2300 Kjeltec Analyzer Unit (Foss Tecator AB, Höganäs, Sweden). Sequential detergent fiber analyses (Van Soest, 2015) were used to determine NDF and ADF concentrations of the diet and effluents. Effluent VFA concentrations were determined by capillary GLC analysis. Incubation fluid was solvent extracted using ethyl acetate (3:7 ratio) during 10 min under continuous vortex. Samples were centrifuged at 5,000 × g at 4°C for 5 min, and supernatant was stored at −20°C until analyzed. Analysis was performed using a Hewlett-Packard 5890 GLC (HewlettPackard, Palo Alto, CA) equipped with a Stabilwax-DA capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness; Restek, CA). Chromatographic conditions were as follows: helium, 1.7 mL/min; initial oven temperature, 110°C, held for 2.1 min, ramped at 25°C/min to 200°C, held for 1.5 min; injector temperature, 200°C; flame ionization detector temperature, 220°C; split injection (split ratio: 1/10); injection volume, 1 μL. Ethyl butyrate was included as an internal standard. Hydrogen sulfide was analyzed as described by Siegel (1965) , after adding 0.5 mL of 4.7 mM 4-amino-N,N-dimethylaniline sulfate and 0.5 mL of 98.9 mM ferric chloride 
Experiment 2: In Vitro Batch Culture Incubation
On the last day of sampling from the continuous culture fermenters, a 24-h batch culture incubation (Exp. 2) was conducted using adapted rumen fluid. Initial pH was recorded from the computer monitoring system at the time of inoculation. Serum bottles (25 mL) containing 0.2 g of dietary DM were inoculated with 10 mL of adapted rumen fluid and 10 mL artificial saliva (3 replications, 21 total observations) and flushed with N 2 . Bottles were capped with a rubber stopper, crimp sealed, and incubated in an oscillating shaking bath (reciprocal shaking bath model 50, Precision Scientific, Chicago, IL) at 39°C for 24 h. A subsample (3 mL) of headspace gas was taken for H 2 S analysis, and total gas was measured at 5 and 24 h. Total gas production was taken using an inverted, water-filled burette. Gas was collected using a 5-mL gas-tight syringe. At the end of the 24-h period, final pH was recorded, and two 5-mL subsamples of fluid were taken for VFA and NH 3 -N analysis. Fluids were acidified with 1 mL each of 25% metaphosphoric acid and 50% sulfuric acid for VFA and NH 3 -N analysis, respectively.
Statistical Analyses
For both experiments, data were analyzed using the MIXED procedure in SAS (SAS Inst. Inc., Cary, NC). Data from DDGS-containing diets were analyzed as a randomized complete block design with a 3 × 2 factorial arrangement of treatments. Dietary sulfur and roughage and their interaction were included in the model as fixed effects, and period was a random effect. Contrasts were used to compare the control diet (CON) and DDGScontaining diets. Satterthwaite's (Satterthwaite, 1941) approximation was used to calculate the denominator degrees of freedom. All treatment results were reported as least squares means, with significance declared at P < 0.05, and a trend was declared at P < 0.10.
ReSUlTS

Experiment 1
Effects of roughage and sulfur on H 2 S production and digestion of OM, NDF, and ADF in DDGS diets from continuous culture fermenters are shown in Table 2 . Greater (P = 0.04) H 2 S production (1.61 vs. 0.13 µg) and concentration (0.54 vs. 0.04 µg/mL) were observed for dietary treatments containing DDGS compared with CON.
Apparent OM digestion was not affected by roughage (P = 0.30), sulfur (P = 0.25), or the interaction between roughage and sulfur (P = 0.48). Greater concentrations of dietary sulfur treatments tended (P = 0.10) to increase true OM digestion (58.3% vs. 45.6% for moderate and low sulfur, respectively). Inclusion of DDGS lowered (P < 0.01) apparent OM digestion compared with CON (26.4% vs. 32.4%, respectively) . No difference in true OM digestion was detected with inclusion of DDGS in the diet (P = 0.59). 1 LR = low roughage, 3% roughage; MR = moderate roughage, 9% roughage; LS = low sulfur, 0.3% sulfur; MS = moderate sulfur, 0.4% sulfur; HS = high sulfur, 0.5% sulfur. All treatments other than the control (CON) contained 40% dried distillers grains with solubles (DDGS).
2 n = 4 replicates per treatment.
3 Probability corresponding to the null hypothesis where R is dietary roughage, S tests the linear comparison of dietary sulfur, and R × S is the interaction effect. 4 Statistical contrast of control diet against DDGS-containing diets, where DDGS is the average value of DDGS-containing diets.
There was no effect of roughage (P = 0.48), sulfur (P = 0.79), or the interaction between roughage and sulfur on NDF digestion (P = 0.29), but ADF digestion decreased (P < 0.01) between moderate-and low dietary roughage treatments (23.1% vs. 35.2% for moderate-and low roughage dietary treatments, respectively) and increased (P = 0.03) with dietary sulfur (26.5 and 24.8 vs. 36.1 for low, moderate, and high sulfur dietary treatments, respectively). Neutral detergent fiber digestion was similar between DDGS dietary treatments and the CON diet (P = 0.38). No differences were detected in ADF digestion between DDGS-containing diets and CON (P = 0.74).
Effects of roughage and sulfur on continuous culture pH are shown in Fig. 1 . There was an interaction (P < 0.01) between roughage and sulfur. The Low roughage, low sulfur (lRlS) dietary treatment had the lowest pH (5.12), and low roughage, moderate sulfur (lRmS), moderate roughage, moderate sulfur (mRmS) and moderate roughage, high sulfur (mRhS) diets had the highest pH (5.21, 5.21 and 5.23, respectively). The LRHS and MRLS diets had moderate pH (5.17 and 5.16, respectively). Inclusion of DDGS produced greater (P < 0.01) fermenter pH values compared with CON (5.18 vs. 5.09, respectively).
Effects of roughage and sulfur on total VFA concentration and individual VFA of DDGS dietary treatments are shown in Table 3 . Total branched-chain VFA concentration and molar proportions of propionate and branched-chain VFA were not affected by dietary roughage (P = 0.15, P = 0.32, P = 0.30, respectively) or sulfur (P = 0.89, P = 0.82, P = 0.31, respectively). Greater dietary sulfur treatments tended (P = 0.10) to have lower total VFA concentration compared with low and moderate sulfur dietary treatments (135.6 vs. 158.0 and 157.3 mM, respectively) with no effect of dietary roughage (P = 0.40). Dietary roughage had no effect on acetate:propionate (a:p; P > 0.19) ratio or molar concentration of isobutyrate (P = 0.91), but there was a tendency (P = 0.09) for high dietary sulfur treatments to have a lower A:P ratio (2.8:1 vs. 3.2:1, respectively) and higher (P < 0.01) molar proportions of valerate (1.8 vs. 1.3 mol/100 mol, respectively) and caproate (2.9 vs. 2.4 mol/100 mol, respectively) compared with moderatesulfur dietary treatments. Molar proportions of acetate were negatively affected (P < 0.01) by high sulfur dietary treatments (54.8 vs. 62.5 and 60.9 mol/100 mol for high-, low, and moderate sulfur dietary treatments, respectively), but no effect of dietary roughage was observed (P = 0.14). An increase in dietary sulfur resulted in greater (P < 0.01) molar proportions of butyrate compared with low and moderate dietary sulfur treatments (20.0 vs. 14.5 and 15.4 mol/100 mol, respectively), but there was no effect of dietary roughage (P = 0.32). Dietary roughage tended (P = 0.10) to decrease molar proportion of isovalerate (0.4 vs. 0.3 mol/100 mol, respectively).
There was no effect of DDGS inclusion on molar proportions of branched-chain VFA, isobutyrate, valerate, or isovalerate (P = 0.61, P = 0.70, P = 0.13, P = 0.63, respectively). Addition of DDGS to the diet reduced total VFA concentration (P < 0.01; 149.1 vs. 203.7 mM), total branched-chain VFA concentration (P = 0.04; 0.9 vs. 1.3 mM, respectively), A:P ratio (P < 0.01; 3.0:1 vs. 4.1:1, respectively), and molar proportions of acetate (P < 0.01; 58.7 vs. 68.2 mol/100 mol, respectively) but led to an increase in molar proportions of propionate (P < 0.01; 20.1 vs. 16.7 mol/100 mol, respectively), butyrate (P < 0.01; 16.7 vs. 12.5 mol/100 mol, respectively), and caproate (2.5 vs. 0.8 mol/100 mol, respectively) compared with CON.
Effects of roughage and sulfur on N metabolism of DDGS-containing dietary treatments are shown in Table 4 . Addition of dietary sulfur increased (P < 0.01) NH 3 -N concentration from 1.15 and 1.37 to 2.76 mg/dL for low, moderate, and high sulfur dietary treatments, respectively. As dietary sulfur increased, daily NH 3 -N flow (0.06 vs. 0.02 and 0.03 g/d for high, low, and moderate dietary treatments, respectively) and efficiency of microbial protein synthesis (empS; 46.7 vs. 37.7 and 39.3 g microbial N/kg OM truly digested for high, low, and moderate sulfur dietary treatments, respectively) increased (P < 0.01 and P = 0.01, respectively), and daily dietary N flow (0.67 and 0.62 vs. 1.19 g/d for moderate, high, and low sulfur dietary treatments, respectively) decreased (P = 0.03). Low dietary roughage treatments had greater (P = 0.02) daily nonammonia N (NaN) flow compared with moderate dietary roughage treatments (2.40 vs. 2.31 g/d, respectively). Daily microbial N flow increased (P = 0.05) with greater concentrations of dietary sulfur (1.67 
Experiment 2
Effects of roughage and sulfur on H 2 S production of DDGS treatments in batch culture fermentation are shown in Table 5 . An increase (P = 0.04) in total H 2 S production from 42.2 to 81.9 µg for low and high dietary sulfur treatments, respectively, and a tendency for an increase (P = 0.09) in total gas production from 35.8 and 36.0 to 37.4 mL for low, moderate, and high dietary sulfur treatments, respectively, were consistent with an increase in dietary sulfur. There was a tendency (P = 0.08) to increase final pH from 5.61 to 5.71 with low and high sulfur dietary treatments, respectively. Moderate roughage treatments had a greater (P = 0.01) final pH (5.71 vs. 5.61, respectively) and tended (P = 0.08) to have a greater change in pH (0.43 vs. 0.36, respectively) compared with low dietary roughage treatments. Inclusion of DDGS resulted in greater (P < 0.01) total H 2 S production (64.9 vs. 21.2 µg, respectively) and concentration (1.77 vs. 0.56 µg/mL, respectively) and a reduction (P = 0.02) in total gas production (36.4 vs. 38.9 mL, respectively) compared with CON. Greater initial (P = 0.03; 5.26 vs. 5.09, respectively) and final pH (P < 0.01; 5.66 vs. 5.44, respectively) was observed for DDGS-containing diets. No difference was detected between DDGScontaining diets and CON for change in pH (P = 0.37). There was no effect of roughage (P = 0.96), sulfur (P = 0.18), or interaction between roughage and sulfur (P = 0.57) on NH 3 -N. Inclusion of DDGS did not affect (P = 0.84) NH 3 -N when compared with CON.
Effects of roughage and sulfur on batch culture VFA concentration of DDGS-containing dietary treatments are presented in Table 6 . There was no interaction between dietary roughage and sulfur on any VFA measurements (P ≥ 0.22). There was no effect of sulfur on total VFA concentration (P = 0.33), but moderate dietary roughage treatments had lower (P < 0.01) total VFA concentration (119.1 vs. 134.7 mM, respectively) than low dietary roughage treatments. There was no effect of dietary roughage (P = 0.22) or sulfur (P = 0.17) on total branched-chain VFA concentration. Dietary sulfur caused decreases (P = 0.02) in the A:P ratio from 2.7:1 and 2.6:1 to 2.1:1 for low, moderate, and high sulfur dietary treatments, respectively. Dietary roughage tended (P = 0.10) to lower A:P ratio from 2.6:1 to 2.3:1 for low and moderate roughage treatments, respectively. Dietary sulfur lowered (P < 0.01) the molar proportion of acetate from 58.3 and 55.9 to 46.6 mol/100 mol and 1 LR = low roughage, 3% roughage; MR = moderate roughage, 9% roughage; LS = low sulfur, 0.3% sulfur; MS = moderate sulfur, 0.4% sulfur; HS = high sulfur, 0.5% sulfur. All treatments other than the control (CON) contained 40% dried distillers grains with solubles (DDGS).
3 Probability corresponding to the null hypothesis where R is dietary roughage, S tests the linear comparison of dietary sulfur, and R × S is the interaction effect.
4 Statistical contrast of control diet against DDGS-containing diets, where DDGS is the average value of DDGS-containing diets.
5 Average of 6 DDGS-containing dietary treatments. Treatment results are reported as least squares means. increased (P < 0.01) molar proportion of caproate from 2.7 and 3.4 to 5.4 mol/100 mol for low, moderate, and high sulfur treatments, respectively. Molar proportion of valerate was greater (P = 0.02) for high sulfur dietary treatments compared with low and moderate sulfur dietary treatments (2.2 vs. 1.5 and 1.6 mol/100 mol, respectively). There was a tendency (P = 0.10) for dietary roughage to also lower the molar proportion of acetate from 55.8 to 51.5 mol/100 mol for low and moderate roughage, respectively. There was no effect of dietary roughage (P = 0.41) or sulfur (P = 0.35) on the molar proportion of propionate. There was also no effect of dietary roughage on the molar proportion of butyrate, isovalerate, or isobutyrate (P = 0.11, P = 0.62, P = 0.20, respectively); however, high dietary sulfur treatments showed greater (P < 0.01) molar proportions of butyrate compared with low and moderate dietary sulfur treatments (20.9 vs. 14.3 and 15.7 mol/100 mol, respectively). High dietary sulfur treatments caused (P = 0.04) molar proportions of branched-chain VFA to be greater than those in low dietary sulfur treatments (1.9 vs. 1.3 mol/100 mol, respectively) and tended (P = 0.06) to be greater than moderate dietary sulfur treatments (1.9 vs. 1.5 mol/100 mol, respectively). There was no effect of DDGS inclusion on total branched-chain VFA concentration and molar proportions of butyrate, valerate, and isovalerate (P = 0.45, P = 0.22, P = 0.96, P = 0.17, respectively) compared with CON. Inclusion of DDGS lowered (P < 0.01) total VFA concentration (125.6 vs. 153.3 mM, respectively), A:P ratio (2.4:1 vs. 3.2:1, respectively), and molar proportion of acetate (53.1 vs. 61.8 mol/100 mol, respectively) and resulted in greater (P = 0.03) molar proportions of propionate (22.6 vs. 19.6 mol/100 mol, respectively), isobutyrate (0.5 vs. 0.3 mol/100 mol, respectively), and caproate (4.1 vs. 1.1 mol/100 mol, respectively) compared with CON. There was a tendency (P = 0.06) for molar proportions of branched-chain VFA to be greater with DDGS inclusion compared with CON (1.7 vs. 1.1 mol/100 mol, respectively).
DISCUSSION
Experiment 1
The objective of this experiment was to determine if dietary roughage could mitigate production of H 2 S production caused by DDGS inclusion without causing further detrimental effects on microbial fermentation in continuous culture. Inclusion of DDGS resulted in greater H 2 S production and concentration compared with CON, which is in agreement with previous studies May et al., 2010) and is due to an increase in dietary sulfur. The interaction effect between dietary roughage and sulfur on continuous culture pH suggests that there may be a possible slight buffering effect of roughage on low and high dietary sulfur treatments. The MRLS had greater pH than LRLS (5.16 vs. 5.12, respectively), and MRHS had greater pH than LRHS (5.23 vs. 5.17, respectively).
There was no effect of the interaction of dietary roughage or sulfur on ADF digestion. However, reducing dietary roughage concentration from 9% to 3% resulted in greater ADF digestion (23.1% vs. 35.2%, 1 LR = low roughage, 3% roughage; MR = moderate roughage, 9% roughage; LS = low sulfur, 0.3% sulfur; MS = moderate sulfur, 0.4% sulfur; HS = high sulfur, 0.5% sulfur. All treatments other than the control (CON) contained 40% dried distillers grains with solubles (DDGS).
4 Statistical contrast of control diet against DDGS-containing diets, where DDGS is the average value of DDGS-containing diets. 5 Average of 6 DDGS-containing dietary treatments. Treatment results are reported as least squares means.
respectively). Fibrolytic bacteria do not function well under acidic environmental conditions. Therefore, optimal fiber digestion will occur when pH is greater, typically above 6.0. Because dietary roughage increases rumen pH, a decrease in roughage would create a more acidic environment that is not optimal for fibrolytic bacteria (Dijkstra et al., 2005) but does not explain the reduction in ADF digestion. Leupp et al. (2009) observed similar results in ruminally and duodenally cannulated steers. An increase in DDGS resulted in a decrease in ruminal ADF digestion. Leupp et al. (2009) also observed that greater DDGS inclusion tended to have a quadratic effect on total tract ADF digestion, where steers fed 15% DDGS had the greatest total tract ADF digestion and steers fed 60% DDGS had the lowest total tract ADF digestion. In the current experiment, there was an effect of sulfur on ADF digestion. Because sulfur content is directly related to the concentration of DDGS in the diet, the effect of sulfur on ADF digestion could be due to the increase in indigestible fiber content of DDGS. There was no effect of dietary roughage, sulfur, or the interaction of dietary roughage and sulfur on NDF digestion in the current experiment. This observation is in contrast with the results of Leupp et al. (2009) , who found a tendency for ruminal NDF digestion to decrease with greater inclusion of DDGS. However, results are consistent with data showing no effect of DDGS on total tract NDF digestion. A greater insoluble fiber content or difference in plant structure could account for the difference in ADF but not NDF digestion. In Exp. 1, there was no effect of roughage, sulfur, or the interaction between roughage and sulfur on apparent and true OM digestion. However, inclusion of DDGS resulted in a reduction in apparent OM digestion compared with the CON diet. A reduction in apparent OM digestion suggests a greater amount of effluent OM or less fermentable substrate available to rumen microbes . Leupp et al. (2009) observed similar results that showed an effect of DDGS inclusion resulting in a decrease in apparent and true OM digestion. This response was not observed in the current experiment; however, Leupp et al. (2009) included diets containing up to 60% DDGS compared with only 40% in the current experiment. Similar results may have been observed if diets containing greater concentrations of DDGS were used in the current experiment. Corrigan et al. (2009) noted a reduction in total tract digestion of OM with the inclusion of 40% wet distillers grains with solubles (wDGS) compared with a control diet. In the experiment, DDGS was added to achieve greater concentrations of sulfur, an inorganic mineral. Therefore, as DDGS concentration increased, the OM content decreased.
Increasing dietary sulfur had a tendency to decrease total VFA concentration. Because greater concentrations of dietary sulfur were achieved by increasing DDGS, this negative impact on total VFA concentration can be explained by a decrease in fermentable substrate with DDGS compared with the corn that it replaced May et al., 2010) . Dietary sulfur tended to have a negative effect on A:P ratio because of a decrease in the molar proportion of acetate. Sulfurreducing bacteria oxidize acetate to CO 2 , which could explain the decrease in the molar proportion of acetate (Appels et al., 2008) . In addition, an increase in dietary sulfur resulted in an increase in the molar proportion of butyrate, in agreement with Leupp et al. (2009) .
Inclusion of DDGS in the diet caused an increase in fermenter pH. Leupp et al. (2009) reported similar 1 LR = low roughage, 3% roughage; MR = moderate roughage, 9% roughage; LS = low sulfur, 0.3% sulfur; MS = moderate sulfur, 0.4% sulfur; HS = high sulfur, 0.5% sulfur. All treatments other than the control (CON) contained 40% dried distillers grains with solubles (DDGS).
observations in ruminally and duodenally cannulated steers. A decrease in fermentable substrate with DDGS-containing dietary treatments could explain the increase in fermenter pH. Ammonia N production was greater with greater inclusion of dietary sulfur but was not affected by dietary roughage or the interaction of dietary sulfur and roughage. Inclusion of DDGS resulted in lower NH 3 -N production compared with CON, in contrast to results by Leupp et al. (2009) . Rumen microbes can be very efficient at converting animal protein to bacterial protein, especially when provided distillers solubles (Hatch et al., 1972) . Nitrogen metabolism measurements in Exp. 1 were affected by both dietary roughage and sulfur. There was a decrease in dietary N flow and a tendency to increase microbial N as dietary sulfur concentrations increased, suggesting an increase in dietary N utilization by rumen microbes. These findings are consistent with those of Leupp et al. (2009) , who observed similar results in total tract CP digestion. Efficiency of CP synthesis tended to be greater with DDGS-containing diets compared with the CON treatment. Leupp et al. (2009) found no effect of DDGS on EMPS using ruminally and duodenally cannulated steers. Inconsistencies could be due to differences in experimental diet as well as innate differences between in situ and in vitro studies. Leupp et al. (2009) included urea and sunflower meal in their diet as protein sources, and diets had varying CP concentrations (15% to 21.7%).
Experiment 2
In the second experiment, batch cultures were used to investigate whether dietary roughage could mitigate the production of H 2 S production caused by DDGS inclusion in the diet without causing detrimental effects on microbial fermentation. In the current experiment, an increase in dietary sulfur elicited an increase in total H 2 S production in batch culture fermentation, which is similar to observations by Leibovich et al. (2009) and May et al. (2010) . However, this observation is in contrast to results found in Exp. 1, where no effect of sulfur, roughage, or the interaction between roughage and sulfur on H 2 S production was found in batch culture. Production of H 2 S numerically increased with the addition of sulfur to the diet. Treatments were replicated (n = 3) per period in Exp. 2 but were not (n = 1) in Exp. 1. The greater number of observations could account for possibly detecting significance in 1 experiment and not in the other. There was a tendency for total gas production to increase with added dietary sulfur, which is in disagreement with previous research by Smith et al. (2010) , who observed no effect of sulfur on total gas production. Dietary sulfur concentrations used by Smith et al. (2010) were 0.2%, 0.4%, and 0.8%, which is fairly similar to those used in the current experiment (0.3%, 0.4%, and 0.5%). Although dietary sulfur concentrations are similar between studies, Smith et al. (2010) achieved greater sulfur concentrations by the addition of Na 2 SO 4 solutions, and 1 LR = low roughage, 3% roughage; MR = moderate roughage, 9% roughage; LS = low sulfur, 0.3% sulfur; MS = moderate sulfur, 0.4% sulfur; HS = high sulfur, 0.5% sulfur. All treatments other than the control (CON) contained 40% dried distillers grains with solubles (DDGS).
5 Average of 6 DDGS-containing dietary treatments. Treatment results are reported as least squares means.
in the current experiment, greater dietary sulfur was achieved by the addition of DDGS in the diet. Because Smith et al. (2010) observed no effect of sulfur on total gas production, the effect could be due to sulfur source or differences in feedstuffs, among other variables, that differed between the 2 experiments. Smith et al. (2010) included urea and cottonseed meal in the diet. Dietary roughage appeared to have a negative impact on microbial fermentation in vitro. An increase in final pH and change in pH were observed with additional dietary roughage inclusion, suggesting that greater roughage dietary treatments contained less fermentable substrate. In the current experiment, less fermentable substrate was achieved in 2 ways: 1) when DDGS was included in diets compared with the CON diet containing 0% DDGS and 2) when greater inclusion of DDGS replaced corn. Dietary treatments utilized by Leibovich et al. (2009) also contained lower fermentable substrate with the addition of distillers grains compared with control diets and also with an increase in DDGS between dietary treatments. Similar results for in vitro dry matter disappearance (IvDmD) have been observed by Leibovich et al. (2009) . May et al. (2010) observed that dietary inclusion of 15% sorghum WDGS compared with 0% sorghum WDGS in a control diet resulted in a decrease in IVDMD. They also noted that an increase of WDGS from 15% to 30% of substrate DM decreased IVDMD. Therefore, it can be reasoned that lower amounts of fermentable substrate result in lower total VFA production, which was observed in the current experiment.
In addition to lowering total VFA concentration, moderate dietary roughage treatments decreased the A:P ratio by depressing the molar proportion of acetate. Because this was observed in Exp. 2 and not in Exp. 1, this could be due to either an increase in observations across periods providing greater power to detect significant differences or simply differences between short-term batch culture fermentation and more realistic continuous culture fermentation. Dietary sulfur also lowered the molar proportion of acetate. Because sulfur content is directly related to the DDGS concentration, these results are in agreement with previous research (Vander Pol, 2006; Leupp et al., 2009 ). However, those experiments also observed an increase in propionate with greater concentrations of DDGS, which was not observed in the current experiment. In addition, high dietary sulfur treatments had a greater molar proportion of butyrate compared with low and moderate dietary sulfur treatments, which was not observed by Leupp et al. (2009) . Dietary roughage did not affect molar proportions of propionate or butyrate. It should also be noted that in the current experiment, there was lower total VFA production and A:P ratio with the inclusion of DDGS in the diet. As observed previously May et al., 2010) , this is likely due to the decrease in fermentable substrate in DDGS compared with corn-based diets.
There was no effect of roughage, sulfur, or the interaction of roughage and sulfur on NH 3 -N production, which is in contrast with results from Exp. 1, where an effect of dietary sulfur on NH 3 -N production was observed.
Conclusions
Although the current experiments did not find any beneficial effect of dietary roughage on mitigating ruminal H 2 S production, results did confirm that an increase in dietary sulfur increased H 2 S production. Inclusion of DDGS compared with corn-based diets showed an overall decrease in total VFA concentration and molar proportions of acetate, thereby resulting in a decrease in the A:P ratio. However, this is most likely due to a decrease in fermentable substrate in DDGS compared with corn-based diets and not because of the increase in dietary sulfur content. However, in some aspects, DDGS inclusion was beneficial as a substrate for ruminal microbes with greater ADF and true OM digestion. Nitrogen data revealed that DDGS is a quality feedstuff that can be utilized by rumen microbes as an effective CP source. Although dietary roughage did not have the desired effect in the current experiment, other forms of dietary manipulation may be effective in mitigating H 2 S production. Further research needs to be conducted to evaluate other options (i.e., sources and concentrations of roughage, additives, binders, etc.) in controlling ruminal H 2 S production.
lITeRaTURe CITeD
